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a  b  s  t  r  a  c  t
Organic  agriculture  is  often  considered  to contribute  to reducing  energy  use  and  greenhouse  gas  (GHG)
emissions,  also  on  a  per  unit  product  basis.  For  energy,  this  is  supported  by  a large  number  of studies,
but  the  body  of  evidence  for GHGs  is  smaller.  Dutch  agriculture  is  characterized  by  relatively  intensive
land  use  in both  organic  and  conventional  farming,  which  may  affect their performance  in terms  of
energy  use  and GHG  emissions.  This paper presents  results  of  a model  study  on  energy  use and  GHG
emissions  in Dutch  organic  and  conventional  farming  systems.  Energy  use  per  unit milk in organic  dairy
is approximately  25%  lower  than  in  conventional  dairy,  while  GHG  emissions  are  5-10%  lower.  Contrary  to
dairy  farming,  energy  use and  GHG  emissions  in  organic  crop  production  are  higher than  in conventional
crop  production.  Energy  use in  organic  arable  farming  is 10-30%  and  in  organic  vegetable  farming  40-50%
higher  than  in  their  respective  conventional  counterparts.  GHG  emissions  in organic  arable  and  vegetablerop production
limate change
farming  are  0-15%  and 35-40%  higher,  respectively.  Our  results  correspond  with  other  studies  for  dairy
farming,  but  not for crop  production.  The  most  likely  cause  for higher  energy  use  and  GHG emissions
in  Dutch  organic  crop production  is its  high  intensity  level,  which  is  expressed  in crop  rotations  with  a
large  share  of high-value  crops,  relatively  high  fertiliser  inputs  and  frequent  ﬁeld  operations  related  to
weeding.
© 2014 Royal Netherlands Society for Agricultural Sciences. Published by Elsevier B.V.. Introduction
Two of the most pressing sustainability issues are the deple-
ion of fossil energy resources and the emission of atmospheric
reenhouse gases (GHGs) carbon dioxide (CO2), methane (CH4) and
itrous oxide (N2O) to the atmosphere. Agriculture consumes fos-
il energy and hence contributes to the depletion of fossil energy
esources as well as to the emission of CO2. With a share of 4.3% in
he national total, direct energy use (i.e. on farm use of electricity
nd fuels for heating and machinery, including natural gas com-
ustion in the greenhouse sector) in the Netherlands is relatively
mall [1]. However, indirect energy use in agriculture, i.e. energy
se associated with the production of inputs and storage, transport
∗ Corresponding author: Jules Bos, P.O. Box 616, NL-6700 AP Wageningen, The
etherlands, Tel.: +31 317 480562; fax: +31 317 423110.
E-mail address: jules.bos@wur.nl (J.F.F.P. Bos).
1 Internet www.wageningenur.nl/pri.
2 Internet www.wageningenur.nl/ppo.
3 Internet www.wageningenur.nl/livestockresearch.
4 Present address: Alterra, Wageningen University and Research Centre, P.O. Box
7,  6700 AA Wageningen, The Netherlands.
573-5214/$ – see front matter ©  2014 Royal Netherlands Society for Agricultural Scienc
ttp://dx.doi.org/10.1016/j.njas.2013.12.003 All rights reserved.
and processing of outputs, is not included in this ﬁgure. Total direct
and indirect energy use in the entire Dutch agro-food complex is
not reported in statistics and estimates are not available.
Agriculture is both a sink and a source of atmospheric GHGs.
Agriculture assimilates atmospheric CO2 via crop production, part
of which may  be temporarily stored as organic matter in soils
or used as a renewable energy source. Agriculture emits CO2 by
using fossil energy and through oxidation of soil organic matter.
Nitrous oxide emits during storage and application of fertilizers
and manures and CH4 is a by-product of enteric fermentation in
ruminant farm animals. In 2007, on farm emissions of N2O and CH4
in Dutch agriculture contributed 41 and 53% to the national total
emissions of these two  GHGs, and 7.5% to the national total emis-
sion of CO2-equivalents [2]. As for energy, however, this estimate
excludes all indirect emissions and CO2 emissions from fuel com-
bustion in agriculture. Formal estimates of all direct and indirect
emissions of CO2, CH4 and N2O caused by Dutch agriculture are
lacking.Organic agriculture is often considered to contribute to reducing
energy use and GHG emissions, both on a per unit area basis as
well as on per unit product basis. For energy, this is supported by
a relatively large number of studies [3–9]. The body of evidence
es. Published by Elsevier B.V. All rights reserved.
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or GHGs is smaller [4,5,7,8,10], with some studies indicating not
uch differences between organic and conventional in terms of
HG emissions per unit product or organic suggested performing
orse [11].
Energy use and GHG emissions per ha in organic farming are
ften considerably lower than in conventional farming, which can
e attributed to lower input use per ha in organic farming. How-
ver, energy use and GHG emissions per ha are inappropriate
ndicators for an environmental impact with global dimensions.
n this case, more legitimate indicators are energy use and GHG
missions per unit product. Because of generally lower yields per
a in organic farming [12], differences in energy use and GHG
missions per unit product between organic and conventional
arming systems will be smaller than when expressed per unit area
4,13].
Due to high prices of labour and land, Dutch agriculture is
haracterized by relatively intensive land use in both organic and
onventional farming [14–16]. This is expressed in many aspects
f Dutch organic and conventional agriculture, including the adop-
ion of crop rotations with a large share of high-value crops such
s potatoes and vegetables, high animal stocking rates, the use of
elatively high levels of external inputs such as feeds and fertilisers
nd weak links between animal production and crop production
n terms of size and exchange of (by-) products [14]. With ref-
rence to the values of organic agriculture, De Wit  and Verhoog
14] argue that Dutch organic agriculture shows signs of ‘con-
entionalization’. In the process of conventionalization, organic
arming develops toward a slightly modiﬁed version of modern
onventional agriculture, in which economies of scale become
ncreasingly important and farms increasingly rely on purchased
ff-farm inputs such as feeds, fertilizers and machinery. Such
evelopment might possibly have negative effects on issues like
nergy use, nutrient losses and recycling, all of which are core
alues of the organic farming community [14]. The question thus
s whether in the Dutch context of intensive farming practices
nergy use and GHG emissions are different in organic and con-
entional farming systems. Based on earlier work [17], this paper
resents results of a model study on energy use and GHG emis-
ions in current Dutch organic and conventional farming practice,
overing dairy farming, arable farming and ﬁeld grown vegetables.
he farming systems for which energy use and GHG emissions are
uantiﬁed may  be representative for intensiﬁed organic and con-
entional farming systems in densely populated regions elsewhere
n Europe.
. Methodology
.1. Methodological considerations
When comparing organic and conventional farming, deﬁnition
f the farming systems is critical [11,18]. Results of a study com-
aring a ‘perfect’ organic farming system (e.g., without imports of
ertilizers and feeds, use of fertility building crops, high internal
fﬁciencies) and a ‘dirty’ conventional system (e.g., standard fer-
ilizations and sprayings, no catch crops, low internal efﬁciencies)
ill be different from those of a study comparing the opposite sit-
ation. Results may  also be strongly inﬂuenced by the agricultural
roducts that are part of the analysis. These may  be products for
hich differences in yield per ha between organic and conventional
re relatively small (e.g. grains, pulses, grass-clover), but it may  also
nvolve crops with larger yield differences such as potato Solanum
uberosum L. or vegetables [13]. Therefore, conclusions for one set of
gricultural products may  not hold for another. Ideally, the farming
ystems that are to be compared should produce the same prod-
cts in equal ratios, i.e. the ratio of potatoes, white cabbage andal of Life Sciences 68 (2014) 61– 70
milk produced within the organic farming system should match
the ratio in the conventional farming system. While this may be
hard to realize even in model studies, some degree of equality in
the organic and conventional product sets (‘food packages’) that
are to be compared is indispensible to avoid comparing apples and
oranges.
2.2. Deﬁnition of model farms
This study quantiﬁes direct (on farm) and indirect (upstream)
energy use and GHG emissions resulting from agricultural pro-
duction (Fig. 1). Energy use and emissions occurring downstream,
i.e. after products leave the farm gate, have not been taken
into account, with the exception of GHG emissions associated
with N losses from the farming systems. Energy use and GHG
emissions were quantiﬁed for farming systems reﬂecting cur-
rent Dutch organic and conventional farming practice. In the
Netherlands, most farms, whether organic or conventional, are spe-
cialized farms, producing either milk, arable crops or vegetable
crops.
To cover the dairy farming sector, eight organic and six con-
ventional specialized model dairy farms on sand and clay soils
were deﬁned [17]. In this paper only the results for four organic
and three conventional model dairy farms on sandy soil are pre-
sented (Table 1), did not yield additional insights. Deﬁnitions of
dairy model farms were based on model farms used in earlier
studies [19,20]. Feed crops cultivated include grass and maize Zea
mays L. on the conventional dairy farms and grass/clover mix-
tures and maize on the organic dairy farms. Farms were classiﬁed
as ‘intensive’, ‘average’ or ‘extensive’ on the basis of pre-deﬁned
milk production per ha feed crops, covering the range in intensi-
ties found in practice. On all dairy model farms, stable types were
slurry-based, except the extensive organic farms for which a slurry-
based stable and a deep pit stable were deﬁned. The deﬁnition of the
model farms is such that the organic dairy farms were less intensive
in terms of milk production per ha, used less concentrates per cow
and applied more grazing than the conventional farms (Table 1),
again reﬂecting current practice. The intensive and average con-
ventional farms and the intensive organic farm exported part of
their slurry.
To cover the arable and vegetable farming sectors, four model
farms were deﬁned, based on farming systems research over the
past years [21–24]: one organic and one conventional arable farm
on clay soil (both growing potato, sugar beet Beta vulgaris L., wheat
Triticum aestivum L., carrot Daucus carota L., onion Allium cepa L.
and pea Pisum sativum L.) and one organic and one conventional
vegetable farm on sandy soil (leek Allium porrum L., bean Phaseolus
vulgaris L., carrot, strawberry Fragaria L., head lettuce Lactuca sativa
L. and Chinese cabbage Brassica pekinensis L.). Rotations in the two
pairs of farms were similar, but not entirely equal (Table 2). Rota-
tion length was  four years on the conventional arable farm and six
years on all other model farms. Standard crop yields were assumed.
For conventional crops, these yields are 5-year averages as based
on routinely sampling of data from a representative selection of
agricultural holdings [25]. For organic crops, yields were based on
organic farming systems research, summarised by Wijnands & Hol-
werda [26]. On the conventional farms, nutrient management is
based on pig slurry and mineral fertilizers. Per ha on the conven-
tional arable farm, 16 Mg  pig slurry is applied in late summer, partly
combined with catch crop cultivation. On the conventional veg-
etable farm, 15 Mg  per ha pig slurry is applied in spring. Nutrient
management on the organic farms was based on cattle slurry, solid
cattle manure and vinasse, a by-product of the sugar beet indus-
try containing readily available N. Spring applied fertilizer doses
per ha on the organic arable farm are 16 Mg  solid cattle manure,
4 Mg  cattle slurry and 1.1 Mg  vinasse. On the organic vegetable
J.F.F.P. Bos et al. / NJAS - Wageningen Journal of Life Sciences 68 (2014) 61– 70 63
Fig. 1. Schematic representation of a dairy and arable farming system with inputs and outputs relevant for the quantiﬁcation of energy use and greenhouse gas emissions.
Table 1
Characteristics of organic and conventional model dairy farms on sandy soils. Farms are classiﬁed as ‘intensive’, ‘average’ or ‘extensive’ on the basis of pre-deﬁned milk
production per ha feed crops, covering the range in intensities found in practice.
Organic Conventional
intensive average extensive extensive intensive average extensive
Milk production (Mg  ha-1) 12.0 9.9 8.4 8.4 21.0 14.0 9.0
Area  feed crops (ha) 35 44 56 56 25 35 50
-grassland 29 35 45 45 18 25 38
-maize 6 9 11 11 7 10 12
Milk  production (kg cow-1) 7500 7000 6500 6500 8000 7500 7000
Concentrates (kg cow-1) 1600 1350 900 900 2000 2000 1200
N  surplus (kg ha-1) 192 191 179 191 246 223 177
Grazinga d. d.+n. d.+n. d.+n. d. d. d.+n.
Stable type slurry slurry slurry deeppit slurry slurry slurry
a d. = day grazing, d.+n. = day plus night grazing
Table 2
Crop rotations and crop yields on the organic and conventional model crop farms on clay and sandy soils.
Year Crop Area (ha) Yield (Mg  ha-1) Year Crop Area (ha) Yield (Mg  ha-1)
Organic arable (50 ha, clay soil) Conventional arable (50 ha, clay soil)
1 Seed potato 8.33 27 1 Seed potato 6.25 37
2  Sugar beet 4.16 55 2 Ware potato 6.25 42
2  Onion 4.16 35 2 Sugar beet 12.5 65
3  Winter carrot 8.33 55 3 Onion 6.25 66
4  Spring wheat 8.33 5.0 4 Winter carrot 6.25 85
5  Pea 8.33 4.0 5 Winter wheat 6.25 9.5
6  Grass-clover 8.33 10 6 Pea 6.25 5.8
-  Cover crops 16.66 - - Cover crops 18.75 -
Total-N from fertilizers
(kg ha-1 yr-1)
159 Total-N from fertilizers
(kg ha-1 yr-1)
222
Plant available N from
fertilizers (kg ha-1
yr-1)
112 Plant available N from
fertilizers (kg ha-1 yr-1)
133
Organic vegetable (25
ha, sandy soil)
Conventional vegetable
(25 ha, sandy soil)
1  Leek 4.16 22.5 1 Leek 4.16 40
2  Strawberry 2.08 17 2 Strawberry 4.16 25
2  Bunched carrot 2.08 21.5 3 Head lettucea 4.16 67
3  Head lettucea 4.16 51 4 Chinese cabbagea 4.16 94
4  Chinese cabbagea 4.16 62 5 Bean 4.16 13
5  Bean 4.16 7.5 6 Bunched carrot 4.16 40
6  Triticale 4.16 4.5 - Cover crops 8.32 -
-  Cover crops 18.74 -
Total-N from fertilizers
(kg ha-1 yr-1)
215 Total-N from fertilizers
(kg ha-1 yr-1)
225
Plant available N from
fertilizers (kg ha-1
yr-1)
169 Plant available N from
fertilizers (kg ha-1 yr-1)
175
a Double cropping, yield applies to total yield
6  Journal of Life Sciences 68 (2014) 61– 70
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Table 3
Energy coefﬁcients of fossil fuels, electricity, purchased goods, buildings and
machinery.
Energy carrier Energy
coefﬁcient
Unit Source
All farming systems
Mineral N fertilizer 43.0 MJ  per kg N [31]
Mineral P fertilizer 30.0 MJ  per kg P [31]
Mineral K-fertilizer 10.0 MJ  per kg K [31]
Diesel 48.2 MJ  per kg [32]
Electricity 9.5 MJ  per kWh W.  Corré,
pers.
comm.
Propane 50.8 MJ  per kg [29]
Lubricants 46.6 MJ  per kg [29]
Dairy farming
Imported roughage 2.7 MJ  per kg [32]
Skimmed milk powder 27.8 MJ  per kg [32]
Contact labour, services 10.6 MJ  per D [32]
Seeds 19.6 MJ  per D [32]
Machinery, depreciation 9.7 MJ  per D [32]
Machinery, maintenance 8.8 MJ  per D [32]
Buildings, depreciation 7.9 MJ  per D [32]
Biocides 19.2 MJ  per D [32]
Arable and vegetable cropping
Plastics 87.0 MJ  per kg [29]
Tractor, 4-wheel drive 176.8 MJ  per kg [29]
Tractor, 2-wheel drive 206.3 MJ  per kg [29]
Other driving equipment 163.4 MJ  per kg [29]
Field operating machines 151.8 MJ  per kg [29]
Other machines 139.1 MJ  per kg [29]
Seeds 7.5 MJ  per kg [29]
Planting material, non
heated greenhouse
145.0 MJ  per 1000 [29]
Plant material, heated
greenhouse
640.0 MJ  per 1000 [29]
Herbicides 267.5 MJ  per kg [29]
Fungicides 176.0 MJ  per kg [29]4 J.F.F.P. Bos et al. / NJAS - Wageningen
arm these doses are 11, 10 and 2.6 Mg,  respectively, also applied in
pring. Fertilizer rates in terms of total-N and plant available N are
ardly different between organic and conventional crop produc-
ion, especially in vegetables (Table 2). This is one of the indicators
f the relatively high intensity of organic crop production in the
etherlands.
.3. Models
A farm system is a complex system made up of several inter-
cting subsystems such as livestock, manure, soil and crops.
e used models to integrate the technical and environmen-
al aspects of all major farm processes (i.e. feed and fertilizer
mports, crop management and food and feed production, ani-
al  nutrition and production, manure production and utilization,
nd crop, milk and meat exports). Energy use and GHG emissions
or all model farms were quantiﬁed using the model DairyWise
27,28] for the dairy model farms, and an extended version of
he BEA Model [29,30] for the arable and vegetable model farms.
oth models account for direct and indirect energy use and
HG emissions and assume no net accumulation or depletion
f soil C stocks and management according to good agricultural
ractice.
.4. Quantiﬁcation of energy use
Direct energy use is mainly fuel and electricity use. Fuel use
as calculated from the farm and ﬁeld operations. Electricity is
ainly used for milking, heating water, cooling milk, ventila-
ion and storage of crop products. Energy use for drying was not
aken into account. Indirect energy use is associated with the
roduction of imported resources: purchased goods (e.g. fertili-
ers, manure, concentrates, silage, planting material), services (e.g.
ontractors) and buildings and machinery. All purchased goods
ave energy coefﬁcients per item, whereas services, buildings
nd machinery have energy coefﬁcients based on their ﬁnancial
alue or weight (Table 3). For the crop production model farms,
nergy use associated with buildings was not considered. Separate
nergy coefﬁcients were used for concentrates in organic and con-
entional dairy farming (personal communication M. Thomassen,
nimal Sciences Group, Wageningen University and Research Cen-
re), acknowledging different compositions as well as different
rigins of the ingredients.
.5. Quantiﬁcation of greenhouse gas emissions
GHG emissions were in principle calculated with emission
actors according to those used in Dutch emission inventories
27,28,33]; (http://www.greenhousegases.nl; Table 4). In case
hese are inadequate for farm level calculations, more detailed
mission factors were used according to [36]. Methane emissions
ere calculated from manure storage and from enteric fermen-
ation, the latter with different emission factors for concentrates,
rass products and maize silage. Direct N2O emissions were cou-
led to manure management, excreted N during grazing, manure
pplication, fertiliser use, crop residues and grassland renewal.
ndirect N2O emissions are associated with the production of
nputs or N losses from the farming system (NO3, NH3 and NOx).
arbon dioxide emissions were related to the fossil fuel based
nergy use. Different emission factors were used for the cate-
ories fuel consumption, electricity use and different forms of
ndirect energy use (Table 4). Emissions of CO2, CH4 and N2O are
ummed in terms of their 100-year global warming potentials
CO2-equivalents), i.e. 21 for methane and 310 for nitrous oxide
37].Insecticides 217.4 MJ  per kg [29]
3. Results
3.1. Energy use
Total energy use ranged between 4.4 and 5.5 GJ per Mg  milk on
the organic dairy farms and between 5.9 and 7.6 GJ per Mg  milk on
the conventional farms (Fig. 2). Both across all farms and within the
two groups, energy use per Mg  milk tended to increase with farm
intensity. However, whilst producing a similar amount of milk per
ha, energy use on the intensive organic dairy farm was 23% less than
that on the average conventional farm, and 6% less than energy use
on the extensive conventional farm, the latter producing less milk
per ha. Likewise, with similar milk production per ha, energy use
on the average organic farm was 11% lower than on the exten-
sive conventional farm. If we  take average energy use in organic
and conventional dairy farming as the average of one intensive,
one average and one extensive farm per group, energy use was
5.1 GJ per Mg  milk in organic and 6.9 GJ per Mg  milk in conven-
tional. If the model farms would perfectly represent commercial
milk production in practice, production of 1 Mg  organic milk in the
Netherlands would hence require 26% less energy than production
of the same amount as conventional milk. Lower energy use on
the organic farms can be explained by lower use of imported con-
centrates and non use of mineral fertilizers (Fig. 2). On all farms,
the use of concentrates contributed most to total energy use. On
intensive and average farms, both organic and conventional, the
proportion was approximately 45%. Other major contributors to
energy use were services, electricity and machinery. Diesel use,
buildings and imports of roughage and fertilizers accounted for only
a small proportion of total energy use.
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In crop production, energy use per unit crop produced varied
onsiderably among crops (Figs. 3 and 4). Energy use in growing
rganic sugar beet and pea was lower than in the corresponding
onventional crops. For all other crops, energy use in organic crop
roduction was higher. Higher energy use per unit crop produce in
rganic crop production can largely be explained by lower yields
er ha which are only partly compensated by lower input use per
able 4
reenhouse gas emission coefﬁcients.
Item Emission factors 
CO2 (kg) N2O-N (
All farming systems
Mineral N fertilizer 2.5 7.9 
Mineral P fertilizer 1.6 
Mineral K fertilizer 0.6 
Diesel 74.3 
Electricity 59.0 
Propane 64.0 
Slurry application arable land 10.0 
Mineral fertilizer application 10.0 
NO3-N leaching 7.5 
NH3-N volatilization 10.0 
NOx-N emission 10.0 
Grassland ploughing 10.0 
Dairy farming
N  excretion stable, liquid slurry 1.0 
N excretion stable, deep pit 20.0 
N excretion grazing 25.0 
Slurry application grassland 5.0 
Crop residues, maize 3.1 
Purchased concentrates 10.0 
Purchased roughage 20.0 
Concentrates, rumen fermentation 
Grass silage, rumen fermentation 
Maize silage, rumen fermentation 
Grazed grass, rumen fermentation 
Manure in storage 
Manure excretion grazing 
Arable and vegetable cropping
Crop residues, cereal crops 3.1 
Crop residues, sugar beet 15.6 
Crop residues, other crops 12.5 al of Life Sciences 68 (2014) 61– 70 65
ha. For example, diesel use per ha in organic crops was  in eight out
of twelve cases higher than in conventional crops (data not shown),
mainly resulting from mechanical weeding activities. In organic
carrots, onions and potatoes an additional fossil fuel, propane, was
used for ﬂaming weeds and burning haulm. On the arable farms,
electricity use for storage of onion, carrot and potato consumed
about 40% of the total energy consumption at farm level and the
use of diesel approximately 30% (Fig. 3). On both vegetable farms,
the most important items were energy use associated with the pur-
chase of planting material and the use of diesel (both items about
30%; Fig. 4).
Calculating energy use at farm level as total energy use divided
by total crop yield, energy use on the organic arable and vegetable
farm was  30 and 50% higher, respectively, than on its conventional
counterpart (Figs. 3 and 4). Calculating the difference between
organic and conventional as the average of differences between
pairs of crops, energy use in organic arable cropping was  9% higher,
and in organic vegetable cropping 43% higher.
3.2. Greenhouse gas emissions
Nitrous oxide emissions on the dairy farms ranged from 0.87 to
1.07 kg per Mg  milk. Farms with similar intensity produced simi-
lar direct N2O-N emissions per Mg  milk (Fig. 5, N2O-N emissions
expressed as CO2 equivalents). These emissions increased with
decreasing intensity, mainly caused by higher grazing intensity on
the average and extensive farms, a factor promoting N2O-N  loss.
Unlike direct N2O-N emissions, indirect emissions per Mg  milk
decreased with decreasing intensity, caused by the lower reliance
on external inputs, especially concentrates, and on the conven-
tional farms, mineral N-fertilizer. Because of this, indirect N2O-N
emissions per Mg  milk were approximately 10-20% lower on the
organic dairy farms. Combining direct and indirect N2O-N emis-
sions, organic dairy farms generated about 10-15% lower emissions
Unit Source
g) CH4(g)
per kg N [29]
per kg P [29]
per kg K [29]
per GJ [34]
per GJ [34]
per GJ [29]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33]
per kg N [33,35]
per kg N [33,35]
20.0 per kg dm [33]
19.8 per kg dm [33]
16.4 per kg dm [33]
19.8 per kg dm [33]
1.8 per kg [33]
0.1 per kg [33]
per kg N [33]
per kg N [33]
per kg N [33]
66 J.F.F.P. Bos et al. / NJAS - Wageningen Journal of Life Sciences 68 (2014) 61– 70
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Fig. 3. Energy consumption (GJ per Mg  crop pro
er Mg  milk. However, an exception was the organic extensive farm
ith deep pit stable. Manure storage conditions in this type of
table resulted in relatively large N2O-N emissions (Fig. 5), caus-
ng direct N2O-N emission on this farm to be the highest of all
arms. Methane emission per Mg  milk was similar across all farms,
mounting to 25 kg CH4 (Fig. 5). This emission was similar, because
eed intake per Mg  milk, the main determinant of CH4 emission,
as practically the same on all farms. Since CO2 emissions quanti-
ed in this study were all related to fossil energy use, differences
n CO2 emissions between organic and conventional dairy farms
esembled those of energy use. Hence, CO2 emissions per Mg  milk
ere lower on the organic farms due to reduced use of mineralertilizers and concentrates (Fig. 5). Combining the emissions of all
hree GHGs in terms of CO2-equivalents per Mg  milk (Fig. 5), yields
 difference of 5-12% between organic and conventional farms,
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depending on which pairs of farms are compared. For example, with
similar milk production per ha, the emission of CO2-equivalents on
the organic intensive farm was  12% lower than on the conventional
average farm. However, emission on the organic average farm was
only 5% lower than on the conventional extensive farm, despite
milk production per ha again being similar. For all farms, relative
contributions of CO2, N2O-N and CH4 to total GHG emission were
about equal (Fig. 5), each contributing about one third to the total.
As for energy, GHG emissions in crop production varied consid-
erably among crops, ranging between 45 (organic sugar beet) and
520 (organic wheat, conventional pea) kg CO2 equivalents per Mg
crop produce (Figs. 6 and 7). In general, GHG emissions were high
for leguminous crops and crops with high nutrient requirements
and low yields. On all farms, about 40% of the emissions was as
CO2 associated with energy use, and 60% was as N2O. Direct N2O
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missions, i.e. those resulting from on farm fertilizer applications
nd incorporation of crop residues, were generally more impor-
ant than indirect N2O emissions. Direct CO2 emission per unit
rop produce in most organic crops was considerably higher than in
heir conventional counterparts (Figs. 6 and 7). This can be traced
ack to the higher use of diesel in organic crops for mechanical
eeding and/or ﬂaming of weeds and potato haulm using propane.
nly for organically grown crops sugar beet and pea, total GHG
missions were lower than for conventional ones, for all others
missions were higher. On the organic arable farm, total emission
f CO2-equivalents divided by total crop yield was 15% higher than
n its conventional counterpart (Fig. 6). For the organic vegetable
arm this was 40% (Fig. 7). Calculating the difference in total GHG
missions between organic and conventional as the average of dif-
erences between crop pairs, GHG emission on the organic arable
arm equals that of conventional, and on the organic vegetable farm
s 35% higher.
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4. Discussion
We have quantiﬁed energy use and GHG emissions for stan-
dardized organic and conventional model farms. Results indicate
that energy use per unit milk in organic dairy farming is approxi-
mately 25% lower than that in conventional dairy farming, and GHG
emission 5-12% lower. Differences between organic and conven-
tional crop production depend on the way in which these are
calculated. If differences in energy use are calculated as total energy
use divided by total crop yield, energy use per unit product is
30% higher in organic arable crop production and 50% higher in
organic vegetable crop production, relative to their conventional
counterparts. Similar calculations for GHG emissions per unit prod-
uct yielded 15 and 40% higher emission in organic arable and
vegetable crop production, respectively. Calculating differences
between organic and conventional as the average of differ-
ences between crop pairs, yields different percentage differences.
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alculated in this way, energy use in organic arable is 9% higher than
n conventional, and in organic vegetable cropping 43% higher. The
orresponding percentage for GHG emission in organic vegetable
roduction is 35%, whilst organic arable scores equal to conven-
ional.
While we have used the ‘best available knowledge’, our results
arry uncertainty arising from the many assumptions that have
een made in the model calculations, for example regarding
arm management (intensity use of inputs and machinery) and
oefﬁcients for energy use and GHG emissions. In comparative
tudies such as these, accuracy in model parameters is especially
esirable in aspects where organic and conventional farming differ.
ne major difference between conventional and organic farming
s the greater reliance on organic N sources in the latter, notably
rganic N derived from animal manures and leguminous crops.
ue to the greater reliance on organic N sources, N dynamics in
rganic farming systems may  be different from those in conven-
ional farming systems, which can be judged on the basis of, e.g.,
ifferences in the (relative) sizes of mineral versus organic N stocks
nd ﬂows at any one time. As emission factors used in this study
or quantiﬁcation of nitrous oxide emissions have primarily been
erived from experiments in a conventional farming system con-
ext, they may  be less valid for organic farming systems. This adds
o the uncertainty of nitrous oxide emissions quantiﬁed for organic
arming systems, but our current understanding of these emis-
ions is too fragmented to judge how emission factors should be
dapted to better reﬂect conditions in organic farming. Apart from
itrous oxide emissions, we anticipate the accuracy and uncer-
ainty of our results for organic and conventional farming systems
o be similar, because the organic and conventional data around
hich we built our case carry uncertainties of a similar order of
agnitude.
Thomassen et al. [5] reported energy use in Dutch organic and
onventional dairy farming of 3.1 and 5.0 GJ per Mg  milk, respec-
ively. These results correspond with this study in ﬁnding a lower
nergy use in organic farming. However, the study differs from
his one in reporting a considerably lower energy use in both
rganic and conventional dairy farming and in ﬁnding a larger
ifference (40%). The reasons behind these differences may  bee) on the organic and conventional vegetable farms.
manifold, including methodological differences, such as the deﬁ-
nition of farms and model parameters used. One methodological
difference between this study and the study by Thomassen et al.
[5] is that the latter is based on data collected from 10 conven-
tional and 11 organic commercial dairy farms. Thomassen et al.
[5] also excluded energy use for seeds, machinery and buildings
and allocated approximately 10% of total energy use to farm prod-
ucts other than milk, partly explaining the lower energy use per
unit milk. Similar to [5], also other studies [6,7,38] show consid-
erably lower energy use than quantiﬁed in this study, and larger
differences between organic and conventional.
For crop production, there are fewer studies that are directly
comparable with this one, i.e. considering entire crop rotations in
a whole farm system context. Studies that have been done often
report energy use at crop level, mostly in the context of relatively
extensive arable crop rotations dominated by grain crops, legumes
and/or roughage crops. The majority of these studies conclude that
energy use per unit output is similar [39,40] or lower [11,41–43]
in organic. However, if larger proportions of organic crop rota-
tions are devoted to non-harvested fertility building crops, energy
use per unit output increases to values beyond those in conven-
tional crop rotations [11,40]. Linking results of the aforementioned
studies to our results is complicated, as, besides methodological dif-
ferences, these are strongly inﬂuenced by the type of crop rotations
considered, site-speciﬁc environmental conditions and intensity
level. There may  be two general causes for higher energy use in
organic crop production, as found in this study, deviating from
most other studies. A ﬁrst cause may  be the high intensity level of
Dutch organic cropping systems, characterized by a large share of
high-value crops in rotations, relatively high levels of fertiliser use
and frequent ﬁeld operations related to weeding activities. A sec-
ond cause may  be larger yield differences between conventional
and organic crop production in this study, as conventional yields of
grain crops in the Netherlands are 10-20% higher than conventional
yields of these crops in neighbouring countries (personal commu-
nication, W.  van Dijk, Plant Sciences Group, Wageningen University
and Research Centre). Whether also conventional vegetable yields
in the Netherlands are higher than in neighbouring countries is
unknown.
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There are only few comparative whole-farm studies in which
HG emissions in conventional and organic farming systems are
alculated or measured. These studies have in common that dif-
erences in GHG emissions per unit product between organic and
onventional are either absent [5,10] or rather small [7,41,44,45].
wing to a lack of a large body of direct measurements of GHG
missions and the methodological difﬁculties associated with
hat, there is probably still much to learn about the size of GHG
missions before ﬁrm conclusions about differences in these
missions between conventional and organic farming systems can
e drawn.
When discussing energy use and GHG emissions in organic and
onventional farming systems, one cannot ignore the issue of land
rea requirement for both types of production, especially in a con-
ext of a growing world population and increasing food, feed and
io-energy demands. It is generally accepted that organic agricul-
ure requires more land than conventional [13,18,39]. Hence, the
and spared in conventional farming could be used to grow energy
rops [18,46], e.g. for production of biodiesel for on-farm use. In this
espect it is worth mentioning that Halberg et al. [47] estimated that
rowing rapeseed on 10% of the land on a 40 ha (organic) cash crop
arm, produces enough bio-diesel to replace 50% of the diesel used
n the farm. Based on the notion that land requirement in conven-
ional farming is lower, Corré et al. [46] conclude that the highest
nergy efﬁciency in agriculture would be reached in conventional
arming incorporating the production of energy crops. Accepting
hat land is a scarce resource world wide, this conclusion is relevant
or the debate about energy efﬁciency in organic and conventional
arming systems.
If energy use and GHG emissions related to food production are
o be reduced, choices on food package composition are probably
uch more relevant than the choice to go organic or not, or, for that
atter, to “buy local” or not. Afﬂuent food packages, characterized
y high levels of animal protein, are associated with higher energy
se and GHG emissions than food packages based on vegetable
roducts [48–51]. Carlsson-Kanyama & Gonzalez [48], for exam-
le, calculated GHG emissions of three meal options with similar
utritional composition, but different ingredients. Emission levels
f the two meals with the lowest and highest level differed a factor
1, indicating how much inﬂuence food choices can have on GHG
missions. Until recently the inﬂuence of diet composition on envi-
onmental impact was not on the policy agenda, but recent policy
ocuments on the subject in the Netherlands [52] and the United
ingdom [53] indicate that this is gradually changing.
. Conclusions
Energy use per unit milk in organic dairy is approximately 25%
ower than in conventional dairy, while GHG emissions are 5-10%
ower. Contrary to dairy farming, energy use and GHG emissions
n organic crop production are higher than in conventional crop
roduction. Energy use per unit product in organic arable farming
s 10-30% higher and in organic vegetable farming 40-50% higher
han in their conventional counterparts. GHG emissions in organic
rable and vegetable farming are 0-15% and 35-40% higher, respec-
ively. Based on the notion that land requirement in conventional
arming is lower, highest energy efﬁciency in agriculture would
e reached in conventional farming incorporating the production
f energy crops. Besides production method, energy use and GHG
missions related to food production are also strongly inﬂuenced
y food package composition.cknowledgements
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